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Abstract
Interactions between capillary and elastic effects are relevant to a variety of appli-
cations, from micro- and nano-scale manufacturing to biological systems. In this
thesis, we investigate capillary flows in extremely flexible, millimeter-scale cylindri-
cal elastic tubes. We demonstrate that surface tension can cause sufficiently flexible
tubes to collapse and coalesce spontaneously through non-axisymmetric buckling,
and develop criteria for the initial deformation and complete collapse of a circular
tube under capillary pressure.
Experimental results are presented for capillary rise and evaporation of a liquid
in a flexible tube. Several regimes are seen for the equilibrium state of a flexible tube
under capillary pressure, and deformations of the tube walls are measured in different
regimes and compared with a shell theory model. Good agreement is found between
experiments and theory overall. Analysis and experimental results show that despite
the complex and non-axisymmetric deformed shapes of cylindrical structures, the
elastocapillary length used in previous literature for flat plates and sheets can also
apply for flexible tubes, if the tube radius is used as the characteristic length scale.
Thesis Supervisor: Anette E. Hosoi
Title: Associate Professor of Mechanical Engineering
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Chapter 1
Introduction
1.1 Motivation and Background
Elastocapillary flows have generated interest for several applications, as well as for
improved understanding of natural systems. Interactions between surface tension
and flexible structures are very relevant to manufacturing at the micro- or nano-
scale, where capillary effects can deform a structure from a goal geometry [24], or
can potentially be used to build interesting structures. For example, the folding of a
flat sheet into certain shapes [18] and assembly of nanorods into hierarchical helical
structures during evaporation of a liquid [16] have been investigated, and are driven
by elastocapillary interactions. Several biological systems, such as the reopening
of collapsed airways in the lungs [10], and the assembly of nano fibers on biological
surfaces [14], also involve interactions between flexible structures and surface tension.
Capillary flows in deformable porous media are relevant to several areas, includ-
ing geological flows, composites manufacturing [23], flows in biological tissues, and
textiles engineering [22]. This area is still not well understood, and investigations of
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model systems can provide further insight.
The 2010 topical review by Roman and Bico [20] reviews recent work on elasto-
capillary interactions and flows. Several configurations have been studied, and it
has been found that for a flat plate or slender structure, a balance between the
characteristic bending energy and capillary energy gives rise to an elastocapillary
length scale, which indicates the typical curvature that can be induced by capillarity.
As shown in Equation 1.1, this elastocapillary length Lee depends on the bending
stiffness of the material, B, and the surface tension of the liquid, o-:
Lec = , B = (1.1)
o-, 12 (1- V2)
Here E is the elastic modulus, h is the thickness of the sheet, and v is the Poisson's
ratio of the material.
Significant work has been done on equilibrium configurations of flexible structures
subjected to surface tension forces. For example, Kim and Mahadevan investigated
the equilibrium configuration of two flexible sheets with liquid between them, and
found three possible regimes: deflected but not touching, contact at one end, and
contact along a certain length such that the curvature changes in direction along the
sheet [15].
Bico et al. examined the equilibrium configuration of wet "hairs" withdrawn from
a fluid bath, and found that they coalesce into bunches in a statistically predictable
way, with a dry length that is related to the elastocapillary length and distance
between the flexible lamellae [2].
Recently, researchers have looked at the dynamics of capillary flows between
planar flexible structures. Van Honschoten et al. [26] studied capillary-driven flows
into nano channels with one flexible wall, and found that the flexible wall significantly
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affects the qualitative dynamics of the flow, leading to an increase in flow speed as
the walls collapse. The inward deflection of the flexible wall decreases the spacing,
which increases the meniscus curvature and the driving pressure for flow.
Cambau, Bico and Reyssat studied capillary rise in the gap between one rigid and
one flexible sheet, and found that coalescence could lead to an essentially indefinite
rise of the meniscus height, driven by the geometry of the corners and the small gap
width in the collapsed state [4]. Aristoff et al. examined horizontal capillary flow
into the gap between two long thin sheets, separated by a spacer at the point of
liquid entry. For sufficient length, the plates were found to coalesce, trapping the
liquid, and potential applications in water storage were suggested [1].
Duprat et al. investigated capillary rise between two flexible plates held apart by
a spacer at the top, with a focus on the dynamics of the fluid motion. They found that
the capillary rise dynamics were qualitatively different from the rigid case, because
of the increase in fluid height caused by coalescence of the two walls. Three possible
regimes were seen for the dynamics, depending on the normalized lengths of the
plates. They used linear beam theory in combination with a planar fluid flow model
in the lubrication approximation to numerically simulate their configuration, and
found good agreement between experiments and predictions.
Fewer studies have been done on elastocapillary effects in a three-dimensional set-
ting. Porous media geometry, which is relevant to several applications, is inherently
three-dimensional, and elastocapillary effects on flow in this case may be significantly
different from those in a planar structure as the deformation and coalescence process
becomes more complex. The question arises of whether the elastocapillary length
will still be applicable in these situations.
The current study works toward answering this question by examining elastocap-
illary flows in flexible cylindrical tubes. This has the advantage of being an inter-
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mediate step toward porous media in geometrical complexity, while still allowing for
detailed measurement and visualization. In flexible tubes, deformation is expected
to take place through a non-axisymmetric, three-dimensional buckling process. The
change in meniscus shape as the tube collapses is thus more complex than in the case
of rigid sheets. This study also relates to biological structures, such as the airways
of the lung, which involve flexible cylindrical passages and liquid-vapor interfaces.
Better understanding of the behavior of cylindrical structures in relation to surface
tension could improve understanding of system such as this, as well as providing
insight for improved models of capillary flows in deformable porous media.
1.2 Systems of Interest
I. Flat Structures
Rigid Deformable
c c a. Planar flow c. Flow past a
012 in a gap flexible membrane
Z I
0 -0
ca -
b. Planar
capillary flow
d. Planar
elastocapillary
interactions
11. Curved Structures
Rigid Deformable
r7
cj a. Pipe flow, c. Starling resistor
o- porous media
z _ _ _ _ _ _ _ _ _ _ _
C
a
C
b. Capillary
flow in a tube,
porous media
d. Capillary flow
in a deformable
tube or porous
media
1 1 I ____________
Figure 1-1: Cases of interest for (I) flat sheets and slender structures, and (II) curved
structures.
Literature from diverse areas can offer insight into capillary flows in a flexible
cylindrical system. Figure 1-1 shows several areas of interest, separated into flat
structures (I) and curved structures, or structures where three-dimensional effects
are important (II). The review above focused on elasto-capillary interactions of flat
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sheets and slender structures (Id). We next discuss studies of flow in flexible tubes
in the absence of surface tension, which give information about the expected defor-
mation process, (I,IIc), followed by existing work on capillary flows in more complex
geometrical structures, the current area of interest (Id). Results from the case of
capillary rise in rigid systems (I,I1b) are briefly reviewed and compared with experi-
mental data in Chapter 2. Single-phase flow in rigid structures (I,IIa) is included in
Figure 1-1 for reference.
1.2.1 Single Phase Flow in Flexible Tubes
In the absence of surface tension, fluid flow through flexible tubes has been studied
extensively at a larger length scale, primarily in the context of biomechanics; the
2004 review by Grotberg and Jensen [8] gives an excellent introduction to this topic.
The typical experimental setup is called a Starling resistor, and involves suspending
a flexible tube between two rigid tubes. Fluid flows through the tube, and there
is an externally applied pressure. The shapes of cylindrical tubes deforming due
to internal fluid flow have been studied both experimentally and theoretically, and
several interesting instabilities and flow-structure interactions have been observed
and studied [8] [21].
When modeling flow through these flexible tubes, an experimentally or theoreti-
cally determined relationship is typically used to relate the deformed cross-sectional
area to the pressure difference, (P - Pa), at each axial location. This is known as the
"tube law." Shapiro [21] shows experimental results for tube shape under different
pressure differentials. Flaherty et al [5] numerically simulated the shapes of tubes or
rings after buckling, and found a similarity solution for the tube area after the point
of opposite wall contact (see Chapter 3).
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1.2.2 Capillary Flows
Adding surface tension to flexible tube flow, several researchers have investigated the
related problem of propagation of an air finger into a collapsed flexible tube, usually
in the context of reopening of an occluded lung vessel. A recent review by Heil and
Hazel discusses work on the closure and reopening of pulmonary airways [12].
Two-dimensional airway reopening, or propagation of a semi-infinite bubble into
a flexible walled channel, was studied theoretically by Gaver III et al. [7], who
found a two-branch dependence between driving pressure in the bubble, and its
speed. This was due to two different motion regimes, a "pushing" regime where the
bubble pushes liquid before it, and a "peeling" regime, where the collapsed tube is
peeled apart by the bubble. Hazel and Heil [10] developed a full three-dimensional
numerical simulation of air propagation into a collapsed fluid-filled flexible tube,
using Kirchoff-Love shell theory coupled with the fluid dynamics equations in the
lubrication approximation. They found qualitatively similar results to those of Gaver
III et al. with a similar two-branch speed-pressure relationship, though with different
numerical values due to the more complex geometry of the three-dimensional case.
Juel and Heap [13] experimentally studied airway reopening using a 5mm inner
diameter (ID), 1m long, silicone rubber tube filled with silicone oil, into which nitro-
gen was injected at constant flow rates. They were able to observe some qualitative
behavior that agreed with the analysis of Hazel and Heil; however, they did not ob-
serve the "pushing" regime, and in fact this has been proposed by other researchers to
be unstable [9]. The flexible tube was initially collapsed mechanically and supported
from below, leading to vertically asymmetric tube cross sections. Gravity effects were
important in their experiments, and buoyancy effects turned out to. significantly in-
teract with viscous effects, such that the experimental results differed quantitatively
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from the numerically predicted results of Hazel and Heil. Many interesting effects
were found; for example, the advancing air fingers could take on asymmetric shapes,
including double-tipped and pointed shapes [11].
At the nano-scale, capillary deformation of cylindrical tubes has been studied in
the context of collapse of carbon nano-tubes. Yang et al. [27] compared molecular
dynamics simulations with theoretical predictions for the case study of a carbon
nano-tube containing liquid iron and found that these were in good agreement.
In the area of deformable porous media, Siddique et al. (2009) examined capillary
rise into a deformable porous material, and analyzed the dynamics using continuum
models based on mixture theory, which models the porous material as a mixture of
solid and fluid at each point. While these models worked fairly well at early times,
the experimentally observed long-time behavior of the flow in this situation could not
be predicted by the continuum models and is not well understood. Pressure-driven
imbibition of fluid into an initially dry deformable porous medium has also been
studied [17] [23]. In these cases, the liquid-vapor interface could be modeled using
the slug-flow approximation, which assumes a sharp interface between dry and fully
saturated material, and which may not apply for capillary-driven flow.
While some studies have been done with cylindrical structures, the studies of
carbon nano-tubes and airway reopening have been at fairly extreme ends of the
spectrum in terms of length scale, characterized by the elastocapillary length. The
current experiments are at an intermediate, millimetric, length scale, which gives
several advantages. Compared to the nano-scale tubes, material and interface prop-
erties are relatively well known and experimental observation and visualization are
more feasible. The flexible material used in the current experiments also allows for
clear observation of post-buckling behavior.
In contrast to experiments on airway reopening, since the tube radius is small
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compared to the capillary length of the system, gravity effects can be neglected in
the current experiment, and the meniscus will take on a well-defined shape. If the
tube is flexible enough, it can collapse naturally due to surface tension, so that
surface tension is dominant in the open as well as the collapsed state. This can allow
for more straightforward comparison with theory and evaluation of simple models.
Since tension due to gravity is less important, a smaller tube also allows for a vertical
suspension of the tube during experiments, avoiding buoyancy effects across the tube.
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Chapter 2
Capillary Rise in Rigid Tubes:
Review
2.1 Models for Capillary Rise in Rigid Tubes
The pressure difference across a liquid meniscus, due to surface tension, is given
by the following equation, with R1 and R2 the two radii of curvature of the liquid
meniscus, and o- the surface tension of the liquid:
AP =- I+ 1(2.1)
R1 R2)
For rise of a liquid into a small tube driven by surface tension, or capillary rise,
balancing hydrostatic and capillary pressure predicts that the liquid will reach a final
height that is inversely proportional to the tube dimensions. Considering two cases,
a circular tube with radius r, and a gap between two sheets with gap width 2b, the
driving capillary pressure and equilibrium rise heights are:
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o- o-
AP -- Zfinal = - (2.2)b pgb
AP Zfinal = pgr (2.3)
r pgr
Here p is the liquid density, g is the gravitational acceleration and Zfinal is the
final equilibrium height of a liquid meniscus for capillary rise.
During capillary rise, balancing the driving pressure of surface tension with vis-
cous and gravitational forces gives the evolution equations for the dynamics of the
meniscus height over time [6]. Neglecting inertial effects, these are:
o- cos (0) 3_ (zz4
b b2 pgz (2.4)
20-cos (0) 8yz(
= ± pgz (2.5)r r2 g
In the early time limit where gravity can be neglected, this gives the classical
height dependence on the square root of time, h ~ V t, and the velocity of the fluid
is inversely proportional to the square root of time. At later times an exponential
decay to the final height is predicted. An initial capillary rise dominated by inertia
can also be included [19], which gives a linear relationship between height and time;
however, this was not significant in the current experiments and thus inertia has
been neglected.
2.2 Preliminary Experiments: Rigid Tubes
Preliminary capillary rise experiments were performed using rigid rectangular glass
tubes, to test the experimental method and verify agreement between experiments
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and theory in this simple case. The experiment was performed as followed. Glass
tubes were carefully brought into contact with a liquid bath, and capillary rise was
observed and recorded using a high definition video camera (Casio). Results of rise
height versus time were extracted from the videos and compared with the theoretical
predicted values, calculated numerically from the evolution equation, Equation 2.4
(Matlab ode45, odel5s functions).
Data were taken for two viscosities of silicone oil (v = 10cSt, 20cSt) and for
rectangular glass tubes of two different sizes (0.1mm x 1.0 mm, 0.05mm x 0.5mm,
VitroCom, Borosilicate). For these experimental parameters, viscous effects were
dominant from early times and inertial effects were negligible. Because the tubes
were rectangular, instead of the idealized case of a gap between two infinite sheets,
there was a second radius of curvature in the plane of the plates, and a correction
factor was used to account for this in the simulation. In the surface tension term
of Equation 2.4, -/b was replaced by - + , where R2 is half of the longer
dimension of the rectangular cross section. A contact angle of 0 = 00 was used in
the predictions, which assumed perfect wetting.
Typical results are shown in the inset of Figure 2.2, which shows experimental
measurements and numerical predictions for silicone oil (v = 20cSt) rising in a glass
tube with a rectangular cross section of dimensions 0.1mm x 1mm. Normalized
height over time is shown in Figure 2.2, with height scaled by the characteristic
length, b, and time scaled by the characteristic capillary-viscous time, t/tc = *cos(9)t
As shown, data can be collapsed in the viscous regime using these normalizations.
Numerical simulations are shown as dashed lines, and good agreement was found
between experiments and predictions.
The analytical solution in the viscous regime, Equation 2.6, is shown as the solid
black line in Figure 2.2, and also agrees well with the data in the viscous regime,
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before gravity begins to affect the results.
(2.6)h 2t 1/2
b 3tc
Numerical simulations are shown as dashed lines. Good agreement was found
between experiments and both analytical and numerical predictions for meniscus
height, with no added fitting parameters. Similarly, in the gravity-dominated expo-
nential regime, data can be collapsed using different scaling parameters (not shown).
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Figure 2-1: Normalized rise height versus time for capillary rise in rigid tubes, varying
the viscosity of the liquid and the tube dimensions. Height and time are normalized
for the viscous regime. Inset: Example of dimensional rise height versus time for
capillary rise in a rigid tube. The liquid is silicone oil (v = 20cSt, o- = 0.021N/m),
and the tube dimensions are 0.1mm x 1mm.
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Chapter 3
Capillary Flow in Flexible Tubes:
Analysis
As seen above, capillary flow in a rigid tube is well predicted by existing theories.
However, capillary flow in a deforming tube is more complex. As liquid rises into
a sufficiently deformable tube, it is expected to deform inward, which changes its
cross-sectional area and the viscous resistance to flow at each height. Additionally,
as the tube collapses, the Laplace pressure that drives the collapse also changes, due
to the evolving shape of the liquid meniscus in the deformed tube.
3.1 Flexible Tubes under Lateral Pressure
The shape of a tube deforming under inward lateral pressure has been well studied
both experimentally and theoretically. As shown in Figure 3-1, flexible tubes are
expected to deform in a complex, non-axisymmetric way, and to progress through
three deformed shapes or stages [21] [5]. First, after a critical buckling pressure is
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reached, the tube will deform to an ellipse shape. As the inward pressure continues to
increase, the cross-sectional area of the tube will continue to decrease until opposite
walls contact at a point. Finally, this point of contact will reach zero curvature and
start to extend into a line. This is usually modeled by a semi-empirical "tube law"
relating area to pressure at each location.
In Figure 3-1, images show typical cross sections of a flexible tube for the four
primary deformation regimes: circular, buckled, opposite wall contact, and line con-
tact. The solid black line schematically indicates typical experimental results [21]
[13], while the dashed black line indicates a similarity solution developed by Flaherty
et al. [5] [21] which is applicable in the line contact regime, Equation 3.1:
P* = a-, n - (3.1)2
Here P* represents the pressure difference P - Pa between the pressure inside
the tube and the surrounding or ambient pressure, normalized by the parameter K,
(Equation 3.2), and a represents the area normalized by A0 , the cross-sectional area
of the undeformed tube (Equation 3.3).
P* = (P - Pa)/Kp, K, = (Eh 3/(12(1 - v 2)))/r 3  (3.2)
a = A/Ao (3.3)
The numerical predictions for transition to opposite wall contact and transition
to line contact are shown in Figure 3-1, and are listed below [21][5]:
Opposite Wall Contact: a = 0.27, P* = -5.247 (triangle symbol)
Line Contact: a = 0.21, P* = 10.34 (square symbol).
As seen from the slopes of the pressure versus area curve in Figure 3-1, once a
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Figure 3-1: Pressure versus area curve of a flexible tube. The solid black line
schematically indicates typical experimental results [21] [13], while the dashed black
line indicates a similarity solution that is applicable in the line contact regime,
-P* = (A/Ao)-n, n = 2. Images of typical cross sections of a flexible tube are
shown for the four primary deformation regimes: circular, buckled, opposite wall
contact, and line contact. Transition to opposite wall contact is predicted to occur
at A/A 0 = 0.27, P* = -5.247 (triangle symbol) while transition to line contact is
predicted to occur at A/A 0 = 0.21, P* = 10.34 (square symbol) [21] [5]. P represents
the pressure inside the tube, and Pa is the surrounding or ambient pressure. The
normalizing parameter for pressure is K, = (Eh 3/(12(l - v2 )))/r 3 , and for area, Ao
is the cross-sectional area of the undeformed tube.
tube has buckled, it becomes fairly compliant, and the area changes quickly with
small changes in pressure until the point of opposite wall contact. Once opposite
walls touch, however, the tube becomes more resistant to changes in area, due to the
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higher curvature and bending energy that build up at the two ends [8].
3.2 Buckling due to Capillary Pressure
The initial buckling of a thin cylindrical shell to a non-circular shape, under inward
lateral pressure, can be modeled using classical shell theory, in which this is one of
the standard cases [25] [3]. The critical pressure for buckling of a "long" tube under
field-pressure loading, or pressure normal to the tube wall at each point, is given in
Equation 3.4, where typically the wavelength n = 2 in real systems.
(n2 - 1) Eh3 E (h 3(34)
12 r3 4 r
Here r is the tube radius, h is the tube wall thickness, and E is the Young's
modulus of the material. Notice that only the ratio h/r is included in the buckling
condition, rather than either value individually. Details of the derivation of Equation
3.4 can be found in [25] or [3] for the case of buckling of rings.
The ring buckling solution is used in this thesis because it can be applied to
tubes when there is a free boundary condition at one end of the tube, making it
unconstrained in the axial direction. For boundary conditions where the tube is
constrained in the axial direction, a tube buckling solution should be used, which
adds a factor of 1/(1 - v 2 ) in Equation 3.4. Due to the slow change in shape along
the tube, it was approximated that the pressure at each plane perpendicular to the
tube axis, was directly related to the tube shape at that point.
For an elastocapillary interaction, a comparison of the critical buckling pressure
given in Equation 3.4, with the characteristic lateral pressure due to surface ten-
sion, P, = 2o-/r for a cylindrical tube, gives a condition for elastocapillary buckling
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(Equations 3.5 and 3.6):
2c- Eh 3  (35)
r 4r3(o-r2 'N
E3 2 > (3.6)
3.3 Post-Buckling Behavior
Once a tube has buckled, it can be modeled using predictions from the literature for
post-buckling behavior. Flaherty et al. [5] give numerical results for the threshold
pressure values for opposite wall contact, and for zero curvature contact, or the initial
onset of line contact, for a ring or tube. Comparing these numerical predictions with
the expected pressure due to surface tension gives the same scaling as Equation 3.6,
but with different numerical threshold values for each case, leading to dimensionless
criteria of the same form as Equation 3.6.
These shell theory predictions relate closely to the elastocapillary length used in
the related literature. If one uses the tube radius as the length scale, the ratio r/Lec
can be squared to result in the same scaling as Equation 3.6, and the numerical
constants can be adjusted accordingly to give criteria in terms of the ratio of radius
to elastocapillary length (see Equation 3.7) The resulting dimensionless criteria for
buckling, opposite wall contact, and zero curvature contact or line contact, in terms of
the elastocapillary length are given in Table 3.1 for the case of a Poisson's ratio of V =
0.5 (incompressible). The tube radius is approximately equal to its elastocapillary
length at the onset of buckling (Table 3.1)
B _ Eh 3
Lec = B = 1 (3.7)
o- ' 12 (1 - V2)
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Regime Criteria
Buckling to ellipse shape r/Lec > 1.061
Opposite wall contact r/Lec 2 1.620
Line Contact r/Lec > 2.274
Table 3.1: Criteria for the transitions to buckling, opposite wall contact, and line
contact in an elastocapillary interaction. A Poisson's ratio of V = 0.5 was used.
Numerical values are converted from simulations by Flaherty et al. [5].
Thus, this shell theory model predicts four regimes of deformation: (1) Minimal
deformation (circular), (2) Buckling, (3) Opposite wall contact, and (4) Line contact
or coalescence, beginning at the point of zero curvature contact.
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Chapter 4
Capillary Flow in Flexible Tubes:
Experiments
Capillary rise and evaporation experiments were performed using flexible tubes, to
determine the accuracy of the model described above. This chapter discusses the
fabrication of flexible tubes and the experiments that were performed. It also lists the
key experimental parameters for the evaporation experiment, which was explored in
more detail. More details of the manufacturing process and experimental techniques
are given in Appendices A and B, respectively.
4.1 Manufacture of Flexible Tubes
Flexible tubes were manufactured using Elite Double 8 (Zhermack), a silicone-based
material with an elastic modulus of approximately 0.2 MPa. This material was chosen
for its low elastic modulus as well as its low viscosity before curing, which allowed
for manufacturing of very thin-walled tubes to meet the criteria for deformation in
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the different regimes as discussed above. Wires with a range of diameters were dip
coated with this material, then held in a precisely vertical position during curing
in order to manufacture very thin-walled tubes of a uniform wall thickness around
the perimeter. Gravity-driven flow of the material during curing leads to some axial
variation in wall thickness along the tube length; however, this was less important
than the variation around the perimeter for these experiments. Due to variability
in the manufacturing process, wall thickness was measured for each tube, and the
flexible tubes with the most uniform wall thickness were chosen for the experiments.
The thicknesses of the tube walls were measured using a reflected light microscope
to image either thin cross-sectional slices from each end of a tube, or the ends of
the tubes themselves. Examples of typical images of cross sections are shown in
Figure 4-1 for decreasing wall thickness to radius ratio. For the experiments, the
tubes generally had less than 10% variation in wall thickness around the perimeter,
while a variation of up to 25% was accepted for a few cases which tended to have
more variability in manufacturing. When making the predictions of deformation, the
smallest value of wall thickness around the perimeter was used.
(a) (b) (c) (d)
Figure 4-1: Typical images of tube cross sections taken with a reflected light micro-
scope, in order of decreasing ratio of wall thickness to radius. (a) D = 2r = 1.65mm,
h = 40prm (b) D = 0.82mm, h = 30pm (c) D = 0.91mm, h = 26pm (d) D = 1.65mm,
h = 20pm
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4.2 Capillary Rise Experiments
Capillary-driven rise of liquid into a flexible tube was first examined. Flexible tubes
were suspended from metal tubes of the same diameter and held vertically. A liquid
bath of isopropanol was carefully brought into contact with the end of the tube,
and capillary rise into the tube was recorded from the side using a video camera
(Thorlabs). Isopropanol was chosen as the liquid, because it is perfectly wetting on
the flexible material, with a contact angle 0 00.
A schematic of this experiment, including the expected final pressure distribution
within the tube, is shown in Figure 4-2. The magnitude of the capillary pressure is
highest just below the liquid meniscus, acting inward on the tube. Due to hydrostatic
variation, the pressure at the base of the tube is atmospheric at the liquid level. An
example of images from a video of capillary rise is shown in Figure 4-3. As expected,
the liquid velocity is initially higher, then decreases, and the liquid reaches a final
equilibrium height.
Some deformation was visible in these capillary rise experiments; however, the
boundary conditions of the liquid meniscus at the base of the tube, on the outside of
the tube, tended to prevent more significant deformation, and to add complications
for modeling. Additionally, axial variation in wall thickness inhibited deformation at
the greater rise heights for some tubes and made the capillary rise experiments less
useful for testing criteria of collapse and coalescence.
4.3 Evaporation Experiments
Evaporation experiments were then performed with flexible tubes to determine when
the tubes deform and how well the simple shell theory model works in predicting
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Figure 4-2: Schematic of the capillary rise experiment. A flexible tube (light gray)
is suspended vertically from a rigid metal tube (white) of the same diameter, which
is open at the top. Liquid (dark gray) rises into the flexible tube through capillary
action, first at higher velocities, then more slowly as the liquid column height in-
creases, due to increasing viscous and gravitational resistance. The final equilibrium
pressure distribution is shown on the right and varies hydrostatically.
deformation. In the evaporation experiments, a flexible tube was again suspended
from a rigid metal tube of the same diameter, and held vertically. A liquid bath was
supplied at the base of the tube and liquid was allowed to rise into the tube through
capillary action to its equilibrium rise height, then the liquid bath was removed.
Isopropanol was again used as the liquid because it evaporates relatively quickly,
and is completely wetting on the flexible material (contact angle 0 = 00).
The tube was then observed from the side and from below during evaporation of
the liquid, to measure the deformation of the tube due to capillary pressure (Figure
4-4). The metal tube holding the flexible tube is open, such that evaporation of
the liquid occurs from both sides. The liquid remains at the end of the tube due to
gravity.
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(a) t < 0.02s (b) t = 0.2s
Figure 4-3: Images from a capillary rise experiment with a flexible tube. (a) t < 0.02s
after the liquid comes into contact with the flexible tube, (b) t = 0.2s, (c) t = 0.4s
and (d) t = 10s shows the final equilibrium state. While there is some deformation
during capillary rise, the boundary condition at the base of the tube prevented it
from deforming further.
This experimental setup allows for a free boundary condition at the bottom of the
tube, leading to more significant deformation that is directly measurable at the base
of the tube. The vertical configuration avoids gravity effects across the tube that
might impact its buckling and deformation. The liquid pressure varies hydrostatically
within the tube. However, as the liquid evaporates, this variation becomes smaller
and the bottom of the tube experiences a more uniform pressure very close to the
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Figure 4-4: Evaporation experiment. A flexible tube (light gray) is suspended ver-
tically from a rigid metal tube (white) of the same diameter, which is open at the
top. (a) Liquid (dark gray) is allowed to rise into the tube initially, then evaporates.
The flexible tube is imaged from the side and from below during evaporation to
measure deformation. Note the free boundary condition at the base of the tube, and
the vertical configuration which prevents gravity effects across the tube. (b) As the
liquid evaporates, hydrostatic variations in pressure become less significant, leading
to a more uniform pressure approximately equal to the maximum capillary pressure.
maximum capillary pressure (see Figure 4-4(b)). Also, as the axial distance covered
by the liquid becomes smaller, the axial variation in tube wall thickness becomes less
significant and the tube can be modeled as having a single wall thickness equal to
its wall thickness at its end.
Images from an initial vertical evaporation experiment in which a tube containing
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Figure 4-5: Example of a vertical evaporation experiment in a flexible tube suspended
from a rigid metal tube. In (a) through (f), the liquid evaporates, deforming the
tube; in (g) the tube reverts to its initial cylindrical shape. This tube does not have
uniform wall thickness, leading to unusual twisting deformations. This is the same
flexible tube used in Figure 4-3; however, deformation is much more significant due
to the free boundary condition at the base and the evaporation configuration.
liquid deforms under capillary pressure are shown in Figure 4-5. This tube has non-
uniform wall thickness, leading to interesting twisting deformations and meniscus
shapes. Although this flexible tube is the same tube shown in Figure 4-3, defor-
mation under capillary pressures was much more significant in the case of vertical
evaporation, due to the free boundary condition at the end of the tube. There is also
a stronger capillary pressure near the end of the tube due to the shorter liquid plug,
which minimizes hydrostatic variation, and the fact that there is a meniscus on each
side of the liquid rather than a connection to a liquid bath (see Figure 4-4).
For these reasons, evaporation allows for more significant deformation, and was
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studied in more detail than capillary rise.
4.4 Experimental Parameters
Table 4.1 lists the range of experimental parameters used for the evaporation ex-
periments. A range of tube diameters and wall thicknesses was tested, to meet the
expected criteria for r/Lec for the four different regimes (Table 3.1).
The characteristic length scale, or the tube radius, is less than the capillary length
of the liquid for all cases (Equation 4.1).
r < Lcap (4.1)
pg
Here p is the liquid density and g is the gravitational acceleration. For this
situation, capillary effects dominate over gravity, allowing for spontaneous capillary
deformation of the tube and negligible gravity effects. Thus, both the tube radius
and the wall thickness to radius ratio must be relatively small, leading to a fairly
restrictive parameter range for spontaneous capillary deformation.
The threshold r = Lap is shown graphically in Figure 5-1. For isopropanol, the
liquid used in the experiments, the capillary length is approximately Lcap = 1.5mm.
Experimental Parameter Range of Values
Tube Inner Diameter (ID = 2R) ID = 0.65mm - 1.65mm
Tube Wall Thickness (h) h = 16 pm - 76 prm
Tube Young's Modulus (E) E = 0.2 MPa
Liquid Surface Tension (U) o = 0.021 mN/in
Table 4.1: Experimental parameters for evaporation experiments in flexible tubes.
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Chapter 5
Results and Discussion
5.1 Results: Evaporation Experiments
The observed deformations of the evaporation experiment were compared with the-
oretical predictions. The view from below the tube was used to determine which
regime was observed, or whether the tube had remained circular, buckled, contacted
at a point, or collapsed. The image used to determine the result was the final frame
in which the tube cross section contained liquid, since the capillary pressure becomes
more uniform, and gravity effects and variations in wall thickness become less im-
portant, as the height of the liquid column decreases. The final area of the collapsed
tube was also measured for several data points.
As discussed above, the theory predicts four regimes: a state where the tube
remains circular, a buckled state, opposite wall contact, and line contact. This
theoretical regime map as well as the experimental results are shown in Figure 5-1,
which shows normalized elastocapillary length, Lec/h, versus the tube wall thickness
to radius ratio, h/r. The tube material, geometry, and liquid surface tension fix
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the location of each data point on the plot, and the symbol shape corresponds to
the tube radius. The background color indicates the predicted behavior, and the
shading or patterning of each point gives the observed behavior. Error bars indicate
the estimated uncertainty. Since uncertainty primarily arises from uncertainty in
the measurement of wall thickness, error bars are based solely on uncertainty in h,
approximated as two pixel widths in the images used for wall thickness measurements.
Other factors including uncertainty in the radius and elastic modulus also contribute
to uncertainty, but proved to be less significant and are not included in Figure 5-1.
The line with positive slope indicates the threshold where radius is equal to
the capillary length of the liquid (Equation 4.1). As discussed above, the gravity-
dominated regime to the left of this line was avoided. On the lower right hand side
of the plot, experiments were limited by manufacturing and measurement consider-
ations for the very small tube diameters.
The results shown in Figure 5-1 demonstrate that, overall, the thresholds between
different regimes are well predicted by the theory, especially for the initial onset of
buckling and the case of line contact or coalescence. Overall, the simple model was
quite effective in predicting results.
More scatter was observed in the middle transition regimes, and in fact exper-
imentally, only three of the regimes were observed for the end state of the vertical
evaporation experiment. The case of opposite wall contact, without coalescence,
was not observed as a final equilibrium state; however, it was observed during the
transition to line contact.
Some deviation from the simple model is to be expected in the opposite wall
contact regime since the meniscus shape changes significantly as the tube walls come
closer together. The driving pressure begins to be dominated by the smaller length
scale between the two sides of the tube that are almost in contact, so this concave
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Figure 5-1: Regime map of tube deformation showing predicted and experimental
results. The location of data points on the plot is set by the tube material, geometry
and liquid surface tension. Shape indicates the radius of the tube. The background
color indicates the predicted behavior, and the shading of each point gives the ob-
served behavior. Note that the case of opposite wall contact was not observed in
these experiments. The area to the left of the line with positive slope shows where
the radius is greater than the capillary length of the liquid and gravity effects begin
to dominate.
shape might be expected to become unstable and transition directly to line contact.
Additionally, adhesion forces between the sides of the flexible tube could play a role
at close range. However, experimentally tubes in those regimes were found to buckle,
but stay open, so there is actually no contact between opposite sides.
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The data points in question were repeated with the same results. These tubes
were also tested in a horizontal configuration, again with one free end, to investigate
whether gravitational effects may play a role. However, the final deformation of the
tubes was not significantly different between the horizontal and vertical experiments.
A possible explanation for this deviation arises from the fact that the wall thick-
ness to radius ratios of the tubes in the buckling and opposite wall contact regimes
are relatively large, due to the gravitational size constraints, making the shell theory
approximation less accurate. When the h/r ratio is larger, stress is expected to vary
with radius within the tube walls, and thick-walled tubes are not expected to buckle
or have the same post-buckling behavior described by shell theory.
However, achieving tubes with low h/r values requires moving to the left on the
regime map 5-1, and to remain in the buckling and opposite wall contact regimes
would require tubes with a fairly large radius, approaching or exceeding the capillary
length and impeding the goal of these capillary experiments.
Fortunately, an alternative method of viewing these regimes was found. Many of
the flexible tubes in the line contact regime had thin enough walls that h/r was quite
small (<8%), and therefore, they did follow the expected pattern of deformation and
pass through each of the stages during the course of the evaporation experiment.
Three test cases in the line contact regime were chosen and studied in more detail.
During the course of the evaporation experiments, these were found to pass through
all three of the deformed regimes. Buckling typically happened immediately, but
opposite wall contact and line contact occurred at discrete measurable times during
evaporation. Thus, two transition points could be observed using the video from
below the tube: transition to opposite wall contact, and transition to zero curvature
contact (initial line contact).
Typical images of the tube deformation over time during evaporation are shown
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in Figures 5-2 and 5-3 for the cases of buckling and line contact, respectively.
(a) t = 0 (b) t = 6 min. (c) t = 12 min.
(d) t = 18 min. (e) t = 24 min.
Figure 5-2: Images of evaporation in the buckling regime, taken from below the tube.
As shown in these figures, the deformation during evaporation takes place slowly,
with time scales on the order of minutes. For the case of line contact (Figure 5-
3), the opposite walls of the tube initially contact at a point, then this point of
contact reaches zero curvature and spreads into a line, and the final shape has contact
between the two sides over a line in the center with two small open areas at the edges.
The times for each transition point were recorded from the video of the end view,
and the height of the liquid column at these times was found from the side view
video of the tube at the same times (see Chapter 4).
It was assumed that at the top liquid meniscus, the tube remained circular, which
was a good approximation for these cases. Using this assumption, the capillary
pressure at the base of the tube can be calculated from the hydrostatic pressure
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(a) Initial (b) t = 0 (c) t = 150s
(d) t = 300s (e) t = 600s
Figure 5-3: Images of evaporation in the line contact regime, taken from below the
tube. Opposite walls of the tube initially touch at a point, which then grows to a
line of contact.
variation:
P P - Pa- pgHT (5.1)
r
Here P is the pressure at the end of the tube, Pa is the atmospheric pressure, o is
the surface tension, r is the tube radius, p is the liquid density, g is the gravitational
acceleration, and HT is the height of the liquid column at the transition point to
either opposite wall contact or line contact.
The normalized pressure P* was then determined using the normalizing param-
eter Kp, P* = P/K, (see Equation 3.2).
The cross-sectional area of the tube at the time of transition, and the initial area,
were measured using images taken from the video from below the tube, using Matlab
for image processing. The ratio of area to initial area a = A/A 0 was calculated from
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these images.
These results for normalized pressure and area at the contact and line contact
transitions are shown in Figure 5-4 in the blue and red symbols, respectively. The
shell theory predictions for normalized pressure and area at those transition points
are also indicated. The similarity solution for the line contact regime is shown in the
solid black line, and the predicted transition pressures for buckling, opposite wall
contact, and line contact are shown with dashed lines.
Figure 5-4 also includes the final deformed area and pressure for several cases
which did not achieve line contact. For these cases the capillary pressure was simply
modeled as P P - Pa = -2o/r. The applied pressure is again normalized by
K, = B/r 3 such that P* (P - Pa)/Kp = -2r 2 /L,'. Those points corresponding
to buckling and no deformation, on the right of Figure 5-4, do not conform to the
model, and are not expected to conform to these predictions because of their larger
wall thickness to radius ratio.
As seen in this graph, for the results from the line contact videos, the observed
transition pressures are well predicted by the theoretical values for all but one of the
cases. The area ratios, however, differed significantly from the expected values, and
in some cases could not be measured very precisely.
Uncertainty in normalized pressure was again calculated from the uncertainty in
the wall thickness value, which is the primary source of error. Uncertainty in the
normalized area was based on the percentage error in normalized area for the cases
which did not buckle, and are expected to have a value of A/Ao = 1. This was
assumed to give an indication of uncertainty in the area measurements.
For the final equilibrium results, the trend of P* with normalized area is similar
in the line contact regime. In the regimes of buckling and no deformation, however,
the area values did not follow the expected behavior, likely due to the larger wall
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Figure 5-4: Normalized capillary pressure versus normalized area: comparison of
theory and experiments. The solid black line represents the similarity solution given
by Flaherty et al. [5] for the line contact regime. The characteristic applied pressure,
2o-/r, is normalized by K, = B/r3 such that P* = (P - P,,)/K, = 2r2/t Thbu
and red data points correspond to transitions within the line contact videos for three
test cases, while the other data points are final states. Note that the tubes in the
buckling regime did not show the expected behavior, likely due to the larger ratio of
wall thickness to radius.
thickness to radius ratio.
Figures 5-5 and 5-6 show the shapes of the tubes that reached line contact, at
the transition points to opposite wall contact and line contact, respectively. These
are shown in comparison with a schematic of the numerically simulated shape found
by Flaherty et al. [5]. The blue line on the images indicates the shape that was
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extracted from the image and used to calculate the area. As demonstrated by these
figures, the shapes are qualitatively very similar between theory and experiment.
The tube that differs the most from the theoretically predicted shape, Figures 5-5(c)
and 5-6(c), also has the largest wall thickness to radius ratio h/r.
(a) (b)
(c) (d)
Figure 5-5: Opposite Wall Contact. 5-5(a) Numerically predicted shape for opposite
wall contact [5]. 5-5(b) - 5-5(d): Experimental images of the transition to opposite
wall contact for three test cases which then continued into line contact. The blue
line indicates the shape that was used to calculate the area. 5-6(b) r = 0.83mm,
h/r = 0.048. 5-6(c) r = 0.33mm, h/r = 0.079. 5-6(d) r = 0.64mm, h/r = 0.036.
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Figure 5-6: Line Contact. 5-6(a) Numerically predicted shape for initial line contact
[5]. 5-6(b)-5-6(d): Experimental images of the transition to line contact for three test
cases which continued into line contact. The blue line indicates the shape that was
used to calculate the area. 5-6(b) r = 0.83mm, h/r = 0.048. 5-6(c) r = 0.33mm,
h/r = 0.079. 5-6(d) r = 0.64mm, h/r = 0.036.
5.2 Variation in Capillary Pressure with Tube De-
formation
To gain further insight into these results and to explore the characteristics of the
system, the variation in capillary pressure within the tube, caused by its deformation,
was examined. Figure 5-7 shows capillary pressure versus area for simple models of
the deformed tube shapes. Values are normalized by the capillary pressure and area
in the circular tube, Po and A0 , respectively, and it was assumed that the total length
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of the perimeter of the cross section remains constant, which is a good approximation
for this situation [5].
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Figure 5-7: Capillary pressure versus cross sectional area for a range of idealized
shapes for deformed tubes. Note that in the intermediate regime, the capillary
pressure drop in the small gap is expected to be high due to the small length scale
and high curvature, while the pressure drop in the outer lobes will remain similar
to the ellipse pressure. Thus, there is a capillary pressure force pulling liquid into
the gap from the outer circles, and this may make the opposite wall contact case
unstable and more difficult to see experimentally. However, since the contact regime
was seen during transition and appears similar to the shapes for uniform lateral
pressure, experimental results suggest that the meniscus adjusts so that the pressure
actually remains more uniform over the cross section.
In the initial circular shape, the magnitude of the capillary pressure is:
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As the tube deforms to an ellipse, the total capillary pressure changes, and it can
be approximated as
Pellipse = - (5.3)a b
where a and b are half the major and minor axes of the ellipse. For the assumption
of constant perimeter, the capillary pressure of an ellipse increases monotonically
during deformation to a smaller area, as shown. During line contact, the capillary
pressure also increases continuously, and this is shown for the simple model of two
circles connected by a line, with the length of the line increasing and the radius of the
two circles decreasing correspondingly to maintain a constant perimeter, as shown.
P2circles = 2cr (5.4)
rsmall
In the intermediate regime, however, once the shape becomes concave and op-
posite walls begin to approach each other at a point, the pressure across the gap
increases continuously with the inverse of the gap distance (Equation 5.5), while the
pressure in the outer lobes remains similar to the ellipse pressure. In Figure 5-7,
this is represented by two semicircles of constant radius connected by diagonal lines
which approach a point of contact, and
Pconcave,small = (5.5)
where 5 is the distance between the two corner points.
Because of this difference in pressure, flow could be driven within the tube cross
section until the pressure stabilizes. This unstable arrangement may help explain
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why the intermediate stage of opposite wall contact is not seen in the experiments
as a final equilibrium state.
However, opposite wall contact is seen as a temporary stage during the experi-
ments in the line contact regime, and the shape formed by the tube is quite similar to
the theoretical shape for a uniform lateral pressure, as shown in Figures 5-5 and 5-6.
Because of this, it appears that the meniscus curvature actually adjusts to maintain
a constant pressure at the bottom plane during these experiments, rather than vary-
ing with horizontal location in the cross-section. The fact that opposite wall contact
was not observed as a final state is likely due to other factors, such as the length
and boundary conditions of the tubes, imperfections, or circumstantial effects due
to the size constraints and the larger wall thickness to radius ratio in those cases, as
described above.
5.3 Discussion and Conclusion
This study has demonstrated that capillary forces can cause sufficiently flexible tubes
to deform or coalesce.
A regime map was developed for the different stages of tube deformation, and
it was shown that the extreme cases, of complete coalescence and initial onset of
deformation, are well predicted by classical shell theory using a characteristic Laplace
pressure. The intermediate stages, however, were more complex.
For coalescence of flexible tubes to happen spontaneously due to surface tension,
a fairly restrictive set of conditions must be met, since the tube radius must be small
enough for capillary forces to dominate, while the wall thickness to radius ratio h/r
must also be low, thus requiring very small, thin-walled tubes.
It was found that despite the three-dimensional effects and non-axisymmetric
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buckling involved in deformation of flexible tubes, the elastocapillary length is still
very useful for modeling this problem, if an appropriate length scale is chosen, which
for this case is the tube radius. These results are encouraging for the use of these
concepts for detailed modeling of capillary flows in deformable porous media and
other complex structures.
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Appendix A
Details of Manufacturing Process
for Thin-Walled Flexible Tubes
For the experiments described in this thesis, it was necessary to manufacture ex-
tremely thin-walled, flexible tubes with a small, millimeter-scale, diameter. Several
materials and techniques were attempted or considered. This Appendix provides
details of the method that was ultimately used to manufacture tubes, and briefly
discusses some alternatives that were explored.
A.1 Manufacturing Process
Images of cross sections of several of the thin-walled flexible tubes manufactured for
these experiments are shown in Figure 4-1 and again in Figure A-1 below. Figure
A-2 shows the scaling of the tubes. As discussed in Section 4.1, the final technique
used to manufacture flexible tubes was a dip-coating process, and it was possible
to get a relatively uniform wall thickness around the perimeter using this technique
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(<10% for most cases).
(a) (b) (c) (d)
Figure A-1: Typical images of tube cross sections taken with a reflected light mi-
croscope, in order of decreasing ratio of wall thickness to radius. (a) D = 1.65mm,
h 40[tm (b) D = 0.82mm, h = 30pm (c) D = 0.91mm, h = 26pm (d) D = 1.65mm,
h = 20tm
Figure A-2: Side view of flexible tubes of varying diameter.
The material used to manufacture the flexible tubes was Elite Double 8 (Zher-
mack). This is a silicone-based material with low elastic modulus (E = 200kPa) and
low viscosity before curing. It comes in two parts, a base and catalyst, and cures in
approximately 5-10 minutes once the two parts are mixed. It can withstand large
stretches without damage, making it fairly robust.
The procedure for manufacturing tubes was as follows. Small amounts of the
base and catalyst were mixed, with equal parts of each component by mass. A small
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container (VWR) was cleaned thoroughly and placed on a scale, and the scale was
zeroed. Equal amounts of each component were added to the container, measuring
the mass between components to add the same mass of each (approximately 0.25-0.5g
of each component). The two parts were well mixed using a wooden mixing stick for
approximately one minute. Air bubbles can be mixed in during this process, so the
container of material was then put into a vacuum chamber for at least 30 seconds
of degassing, or until there were no more visible air bubbles appearing. The layer of
Elite Double 8 was fairly thin, allowing for a shorter time in the vacuum container
than might otherwise be necessary.
The material was then poured into a holder consisting of a tapered (countersunk)
hole connected to a straight (drilled) hole in a 1/8 inch polycarbonate sheet, as shown
in Figure A-3. A cylindrical metal tube was dipped into the material through the
hole, and pulled out quickly to create a thin coating layer of material on the cylinder.
Dipping could be repeated with added material until a thin layer of the material was
achieved on the metal cylinder. Because a large drop of the material occurs at the
top point of contact, the cylinder was then flipped over vertically to keep this from
flowing over the rest of the tube and increasing the wall thickness. The cylinder was
then suspended in a vertical position. A schematic of this process and the holder are
shown in Figure A-3.
The metal cylinders used in this process needed to be very smooth and uniform
in diameter, and it was also necessary to quickly suspend them in a perfectly vertical
position. The vertical position of the metal cylinder turned out to be extremely
important, and had to be very precise, and achieved quickly after dipping. Straight
pieces of metal wire (McMaster) were initially used; however, the time required to
suspend them in a vertical position caused non-uniform tubes as gravity pulled the
material to one side of the tube, making it eccentric and unusable for the experiments
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Figure A-3: Schematic of the manufacturing process for thin-walled flexible tubes.
Elite Double 8 material was poured into a polycarbonate holder with a tapered hold-
ing area followed by a straight hole as shown. A metal cylinder (dispense tip, Nordson
EFD) was dipped into the material and pulled out quickly to coat the cylinder. The
cylinder was then flipped over and placed in a precisely vertical position. Gravity-
driven flow leads to a uniform, very thin wall thickness around the perimeter. The
flexible tube is then removed from the metal tube by soaking in isopropanol for a
short time, then carefully sliding it from the metal tube.
(see Figure A-4). Several methods of holding the wires vertically, including the use
of drilled holes and other removable stands, were considered but were not sufficiently
precise or repeatable.
The solution that we found was to use metal dispense tips, purchased from Nord-
son EFD, which are precision manufactured metal tubes typically used for dispensing
of liquids. The dispense tips consist of an open metal tube attached to a plastic luer
lock connector. When stood on end on the plastic connector, the dispense tip will
nominally be in a vertical position.
Long (1.5 inch) stainless steel dispense tips were used in five sizes, which would
become the inner diameter of the flexible tubes (Nordson EFD, Precision Stain-
less Steel Tips, Gauge 15, 18, 20, 21, 23, OD 1.65mm, 1.27mm, 0.91mm, 0.82mm,
0.65mm, 1.5in length). The longer length allowed for the manufacture of tubes with
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(a) (b)
Figure A-4: (a) Eccentric tubes were formed when the manufacturing setup was
not precisely vertical or was not moved to a vertical position quickly enough after
dipping. (b) More uniform tubes could be manufactured with a precisely vertical
setup.
lengths up to about 2.5-3cm.
Due to variations in manufacturing, only about 10-20% of the purchased dispense
tips were found to be sufficiently vertical when stood on end. Thus, each box of
dispense tips was screened using a flat surface and a right-angled level to find several
dispense tips for each diameter, that were precisely vertical when stood on the plastic
end.
The dispense tip and the mixing container were carefully cleaned using iso-
propanol before beginning the manufacturing process, and nitrile gloves were used
throughout to minimize contamination of the material.
After the metal tube was coated, turned over and placed vertically, the Elite
Double 8 material ran down the cylinder due to gravity. The balance among surface
tension or adhesion to the metal, viscosity and gravity resulted in a fairly uniform
thin layer of the flexible material that would become a thin cylindrical shell after
curing. If the metal cylinder was sufficiently vertical, a high level of uniformity in
wall thickness around the perimeter could be achieved (<10% variation). Some axial
variation in the wall thickness along the tube, due to the material being slowly pulled
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down the cylinder by gravity, could not be avoided with this method. However, this
caused fewer problems for the experiments described in this thesis than variation
around the perimeter would have caused.
Since the viscosity of the material varies continuously depending on the time
since the mixing of the base and catalyst, the viscosity during curing, and thus the
thickness of the thin layer at the point of curing, differs for each tube, giving a range
of tube wall thicknesses. Typically, three tubes were manufactured for each batch of
Elite Double 8 mixed, giving a variety of tube wall thicknesses: thinnest for the first
one, then thicker for each successive tube.
Once the material had fully cured, a length of tube that would become the flexible
tube was separated from the rest using a sharp X-acto blade, taking care that no
bulges or non-uniform areas were included. Any excess material at the tip end was
pulled away. Since the flexible material is somewhat sticky or adhesive, the cylinder
and flexible tube were soaked in isopropanol for approximately 10-15 seconds at a
time to detach the flexible material from the metal cylinder and make it possible to
slide the flexible tube off of the metal one. The flexible tube was then carefully slid
from the metal tube, using nitrile gloves coated in isopropanol to grip the tube over
a wide area and slide it without breaking. The tubes tended to develop ripples as
parts slide faster than others; however, it was important to avoid excessive bunching
of the tube or folding it over itself, since the material would tear if stretched too far.
Isopropanol could be used as needed during this process to detach the tube from the
metal cylinder and from itself, and overall the tubes were quite resilient since the
material can stretch to large strains without damage.
After the flexible tube was removed from the metal cylinder, it was cleaned with
isopropanol and brought to a neutral cylindrical state with no stretching or bending.
It was then placed on a hard surface and a sharp blade was used to cut a small length
62
from each end to give a perpendicular end surface. The tube collapses evenly during
the cut, giving an end surface that is reasonably flat and perpendicular, assuming
that the tube did not deform unevenly during the cut.
Various more complicated methods of cutting a straight edge into an extremely
flexible tube were attempted, but were not more effective than a simple cut. These
included making the tube rigid with liquid nitrogen before cutting (however, this
material did not become rigid enough), and heated cutting tools, which worked but
unfortunately seemed to melt and expand the material at the end. Using a cuttable
material in place of the metal cylinder was an interesting idea; however, a sufficiently
precise material that could be similarly detached from the tube was not found.
A.2 Measurement of Wall Thickness
This manufacturing process had significant variability, and only about 30-50% of the
tubes manufactured in this way had a sufficiently uniform wall thickness to be used
in the experiments.
As mentioned in Section 4.1 above, the wall thickness was measured at the two
ends of each tube using a reflected light microscope to find the tubes with the most
uniform wall thickness. Initially, small sections from each end of the tube were cut
and placed on microscope slides for viewing. However, due to the wide range of focus
on the microscope, the tubes could also be suspended vertically and their ends could
be viewed directly. The tubes were held vertically by placing them on a small piece
of polycarbonate sheet with one end just hanging over the edge, and turning this on
its side. The tubes adhere naturally to polycarbonate, as well as glass and several
other materials, making this a simple way to hold them vertically and image the wall
thickness.
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The tube end was then placed under a reflected light microscope and brought
into focus at an appropriate magnification. An image was taken using a camera
(BlueFox) attached to the top of the microscope. The magnification was chosen such
that the tube filled as much of the image as possible, to give the highest possible
resolution with this setup. This imaging technique was calibrated using a glass slide
of known width. Images of this width were taken at each relevant magnification for
calibration.
Each image of a visibly uniform tube cross section was viewed in Matlab and the
thickness of the wall was determined at the thickest and thinnest points. The per-
centage difference between these was calculated and compared to a threshold value
of 10% for most cases, and 25% for a few cases where the manufacturing was most
variable. If the wall thickness was uniform enough, the tube was used for the exper-
iments and the wall thickness was recorded, with the lower value of wall thickness
to be used in the calculations. This procedure was carried out for both the thinner
and thicker ends of the tube; however, the requirements were somewhat relaxed for
the thicker end if the tube was sufficiently long, since this end was expected to have
a negligible effect on the deformation at the thin end. Since deformation primarily
occurred and was measured at the thinner end of the tube, which was used as the free
end in all evaporation experiments (see Figure 4-4), this was found to be effective
and results were not sensitive to imperfections far from the end.
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A.3 Comments on Alternative Manufacturing Tech-
niques
Several alternative manufacturing methods and materials were considered over the
course of this project, and are briefly discussed here.
One interesting alternative technique is molding or casting of the tube. This
involves pouring or drawing the material into a gap between an inner and outer
cylinder to cure. The primary challenge with this technique is centering of the
inner cylinder, which must be precisely centered within the outer cylinder. For these
experiments, micron-level precision would be needed, since the wall thicknesses could
be as thin as about 20 microns.
Surprisingly, this method could actually be used to manufacture a tube using
Elite Double 8, and we were able to manufacture several centimeter-length tubes
with fairly uniform walls with this technique, using the dispense tips and cylindrical
holes drilled into aluminum and polycarbonate. Isopropanol was needed to detach
the tube from the walls and remove it from the setup, and unfortunately the outer
cylinder degraded quickly and the method was not very repeatable.
The main advantage of this technique is that the tube is more uniform in the axial
direction. However, it also resulted in more imperfections in the flexible tube walls,
and the walls appeared rougher when viewed under a microscope, compared to the
dipping technique which was ultimately used and which gives a very smooth surface.
Entrapped air bubbles were also common, and destructive. However, with smoother
cylinder walls and a precision centering technique, this method could potentially be
very effective.
A second alternative was to extrude, paint, or pour material onto the wire from
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above initially, rather than dip coating. This was functionally the same as the dip
coating and tended to give thicker walls, since there was a thicker initial coating.
Attempting to scrape the excess material off of the wire led to extremely non-uniform
walls, although a scraping technique with more precise centering capabilities could
potentially be useful.
Curing the material while suspended in a liquid was considered as a technique for
preventing axial non-uniformity. This was not explored in detail since it prevented
the very thin walls needed here, which were thinned by the gravity driven flow
down the tube. An outer liquid also occasionally led to capillary instabilities for the
tubes with smaller diameters. However, this technique could be interesting for other
applications.
Spinning of a horizontal wire coated with the material was also considered, but
again could not give thin enough walls and was not implemented with enough preci-
sion and speed to get uniform walls. Some instabilities are expected at high speeds
with this technique.
Co-flow of a photo-curable material, with liquid flowing inside and outside of the
flexible material to create a very thin flowing cylinder, is an interesting possibility, if
the material can be quickly cured into the cylindrical shape after passing a certain
point. At the time of this thesis, there did not appear to be any materials that cure
fast enough for this to be feasible, at least at the lab scale.
Another technique that was considered and could potentially be very useful is 3D
printing of flexible materials, which is a growing area and is continuously improving
in precision and capabilities. For our experiments, we required the materials to
stretch and bend significantly during deformation. Because of the layering technique
used in printing technologies, the materials can fail along the "seams," and the walls
can be somewhat rough. Depending on the flexibility of the material, there can also
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be complications in manufacturing for long, thin structures, limiting the length to
approximately a centimeter scale for the system considered. However, this could be
a very interesting technique for future work.
Dip coating at the large scale, using a constant high speed withdrawal of a long
wire from a bath of the material, might be the best way to manufacture precisely
uniform-walled flexible tubes in practice. The speed required makes this difficult at
the lab scale.
Some alternative materials that were considered for manufacturing over the course
of this thesis included Sylgard 184 silicone elastomer (Dow Corning), Ecoflex Super-
soft Silicone (Smooth-On), Liquid Latex Rubber (Mold Builder), and other Smooth-
On silicone materials.
Sylgard 184 has a similar low viscosity before curing to Elite Double 8 and can
be poured or coated over a metal cylinder in a similar manner. This material was a
good candidate for manufacturing, but Elite Double 8 was ultimately chosen because
of its significantly lower elastic modulus and faster cure time, which allowed for rapid
testing of manufacturing strategies. Sylgard 184 takes a significantly longer time to
cure than the Elite Double 8 material, though this can be sped up by heating the
material. A thin coating of Sylgard can be removed from a wire by using an oil to
swell the material, sliding it from the wire, and then removing the oil using vacuum
heating, or potentially in a similar way to the method described above.
The Latex Rubber material was also less flexible than Elite Double 8, and was very
viscous before drying, meaning that it produced thick and uneven layers when painted
or poured onto a wire. The Smooth-On materials were similarly too viscous to
manufacture uniform tubes using this technique. The Ecoflex material is very flexible
and stretchable, but since it is very viscous before curing it is difficult to spread into
thin layers. In conjunction with a casting technique, however, this material might
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work well.
Another alternative technique considered was to use very thin latex sheets (Mc-
Master), and fabricate a cylinder by joining them at a seam using liquid latex rubber
or another sealing mechanism. However, the seam is expected to significantly affect
the dynamics, and this idea was discarded in favor of techniques that result in more
uniformity around the perimeter.
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Appendix B
Experimental Methods
This appendix provides details of the experimental methods used for the evaporation
experiments, and the image processing techniques used to interpret the results.
B.1 Experiments
Dispense tips with a length of 12.7mm (0.50in) were used to suspend the flexible
tubes during the evaporation experiments (Nordson EFD, Precision Stainless Steel
Tips, Gauge 15, 18, 20, 21, 23, OD 1.65mm, 1.27mm, 0.91mm, 0.82mm, 0.65mm).
As discussed in Section A.1, dispense tips are smooth metal tubes open at both ends,
with a plastic connector at one end. Since the dispense tips used in the experiments
are just shorter versions of the ones used in manufacturing, the outer diameter of the
metal tube precisely matches the inner diameter of the flexible tube it is suspending.
The dispense tip was suspended from a hole in a polycarbonate sheet and adjusted
to bring the metal tube to a vertical position. This was attached to a vertically
adjustable stand such that the entire setup can be moved up and down vertically.
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The flexible tube was slid onto the end of the metal tube, using isopropanol if needed
to avoid sticking, and allowed to dry. Syringes could be attached to the plastic
connector of the dispense tips to blow air through the tube to dry it if needed.
Cameras were placed below the end of the tube looking up (Thorlabs), and at the
side to capture a side view (Casio). The Casio camera was used with a macro lens
and focuses automatically within a certain range, while the Thorlabs camera has a
fixed focal length. The tube setup was adjusted up and down to bring the end walls
of the tube into focus. A CF3x lens (Mitutoyo) was used with the Thorlabs camera,
with extensions to increase the magnification (2 x 20mm and 1 x 10mm). The camera
below the tube was kept at a constant distance for consistency; however, for future
experiments, it would be beneficial to adjust the tube height continuously during
the experiment, such that the end of the tube is always in clear focus. Due to slight
stretching and swelling of the tube, the image could become unclear, and a more
focused image would allow better measurements of area using the same calibration.
Resolution and lighting could also be improved to facilitate image processing.
Lighting was provided by a Porta-Trace Light Box (Gagne, Inc., Model 1012,
16W), which provided a uniform light background for the side view. A targeted
lamp was also used to light the bottom of the tube from below, making the end of
the tube more visible from below. The liquid in the tube tended to make it more
difficult to get clear images, and it was important to avoid glare or reflections from
other objects.
The camera setup below the tube was calibrated by taking an image of the end of
a metal dispense tip, with known diameter, using the same setup. The side view of
the tube contained a side view of the metal tube, which could be used for calibration
of this view.
Recording was initiated for the cameras simultaneously, then a small container
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was filled with isopropanol and brought into contact with the end of the tube. After
liquid flowed into the tube by capillary rise, the container was removed and videos
were taken to record the deformation as the liquid evaporated.
Since the evaporation happened slowly, each experiment took about 20-30 min-
utes. The Thorlabs camera was controlled by a laptop computer and set to take
images at 1 frame per second, while the Casio camera was run in high-resolution
mode for high spatial resolution, which runs at 60 frames per second. This generates
large video files, which were then compressed and sped up using QuickTime Player
7 and Matlab.
Some swelling of the tubes was initially seen during the experiments. This could
be mitigated by soaking the tubes in isopropanol for several minutes before beginning
the experiment. This minimized swelling effects during the experiments and did not
appear to change the elastic modulus of the material for this quasi-static experiment.
B.2 Image Processing
For the regime map of Figure 5-1, the shape of the tube at the end of evaporation
was recorded and visually classified as No Deformation (circular), Buckled, Opposite
Wall Contact, or Line Contact. Image processing techniques could be used for a
more rigorous classification; however, for these experiments the classifications were
generally clear.
The final cross-sectional areas of the tubes, the initial areas, and the areas at the
point of contact and point of line contact in the three test cases, were determined
using Matlab (see Chapter 5 and Figure 5-4). Points were chosen along the inner
edge of the tube using Matlab's ginput function (30 each on the top and bottom),
and a spline was used to interpolate the tube shape. The area inside the spline
71
was calculated to give the area, and compared to the undeformed area to give the
normalized area values shown in Figure 5-4.
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